The cytoskeletal matrix of the active zone and synaptic voltage-dependent calcium channels (VDCCs) are both necessary components for the organization and regulation of synaptic vesicle release. In this study, we report a novel interaction between the cytoskeletal matrix of the active zone protein, ELKS1b, and the VDCC subunit, b4, in the molecular layer of the cerebellum. We found that the two proteins coimmunoprecipitated using antibodies against each protein. Using fluorescent immunohistochemistry, we observed colocalization between ELKS1b and VDCC b4 in the molecular layer of the cerebellum, suggesting that these proteins are both present in molecular layer synapses. Analysis of a P/Q-type VDCC knockout mouse (Cacna1a -/-) revealed that the localization of the VDCC b4 subunit to the molecular layer was disrupted, although ELKS1b protein localization was not affected. These results demonstrate that these two proteins interact in vitro and colocalize in the cerebellum, and suggest that their interaction may play a role at the molecular layer synapses of the cerebellum.
Introduction
Synaptic vesicle release results from the influx of calcium through voltage-dependent calcium channels (VDCCs) [1] . VDCCs consist of the pore-forming a subunit and auxiliary b and a2d subunits [2] . When calcium enters the presynaptic terminal through a VDCC, the calcium concentration increases steeply in a small domain immediately surrounding the VDCC [3] . As it is this increase in calcium concentration that triggers synaptic vesicle release [1] , calcium channels, synaptic vesicles, and regulatory proteins need to be in close proximity, and are therefore likely to interact. Some of these regulatory proteins are part of the cytoskeletal matrix of the active zone (CAZ), a densely interlinked network of proteins that overlies the presynaptic membrane [4] . Vertebrate active zone proteins include Bassoon, Piccolo, Muncs, RIMs, and the ELKS/ CAST/Rab6 interacting protein family [4] . Many interconnections among CAZ proteins have been described, as exemplified by the ELKS/CAST/Rab6 interacting protein family, which links to all known active zone proteins [4, 5] .
In contrast to the extensive knowledge about interconnections between CAZ proteins, only a few interactions have been reported between CAZ proteins and VDCCs that bring these complexes into close proximity [6] [7] [8] [9] [10] [11] . Our previous report detected interactions between ELKS2/CAST and VDCC b subunits [10] . However, the interaction of ELKS1 and VDCC subunits has not been described.
ELKS proteins are encoded by two separate genes: ELKS1 and ELKS2 [12] . ELKS1b, the synaptic splice variant of ELKS1, is highly expressed in the cerebellum, where there is little to no ELKS2 expression [13, 14] . Thus, the cerebellum is an ideal place to study the role of a possible interaction between ELKS1b and VDCCs. In the cerebellum, VDCC b4 is the most highly expressed b subunit [15] . Therefore, we analyzed the interaction between ELKS1b and VDCC b4 to determine whether they might connect the CAZ complex to VDCCs and contribute to active zone organization.
Materials and methods

Animals
Cacna1a -/mice on a C57BL6/J background were previously generated [16] . Animal procedures were in accordance with the regulations of the University of Kansas Medical Center.
Antibodies
The following antibodies were used: anti-VDCC b4 (Neuromab, Davis, California, USA), anti-ELKS1b/2 (anti-Erc1b/2; Synaptic Systems, Göttingen, Germany), anti-Flag (Sigma, St. Louis, Missouri, USA), and secondary antibodies conjugated to Alexa Fluor 488, 568 (Invitrogen, Carlsbad, California, USA), or alkaline phosphatase (Jackson ImmunoResearch Laboratories, Inc., West Grove, Pennsylvania, USA).
Coimmunoprecipitation
Methods for coimmunoprecipitation using anti-VDCC b4 antibody were described previously [10] . Full-length ELKS1b was subcloned from the cDNA KIAA 1081 (Kazusa DNA Research Institute, Kisarazu, Chiba, Japan) and expressed as a Flag-tagged fusion protein. The expression plasmid for full-length VDCC b4 was obtained from Origene (MC201619; Rockville, Maryland, USA). Human embryonic kidney (HEK) 293T cells were transfected with these plasmids and lysed by pipetting in Triton X-100 lysis buffer [150 mM NaCl, 0.5 mM EDTA, 1 mM dithiothreitol, 1% (vol/vol) Triton-X 100, protease inhibitor tablet (Roche, Indianapolis, Indiana, USA), 20 mM Tris, pH 7.4]. For the reverse coimmunoprecipitation, Flag-ELKS1 was mixed with anti-Flag antibody and protein G-conjugated magnetic beads (Invitrogen), and then incubated with VDCC b4 lysate for 2 h at 41C.
Immunohistochemistry
Methods for immunohistochemistry were described previously [10] . Mice were euthanized with isoflurane on postnatal day 19 and perfused with phosphatebuffered saline (PBS) followed by 4% paraformaldehyde in PBS. Brains were postfixed in 4% paraformaldehyde and cryoprotected in 20% sucrose/PBS. Twenty-micrometer-thick cryostat sections were blocked in 2% bovine serum albumin (Sigma), 2% normal goat serum (Gibco, Grand Island, New York, USA), 0.1% Triton X-100 (Sigma) in PBS. The sections were incubated overnight at 41C with anti-VDCC b4 and anti-ELKS1b/2 antibodies diluted in blocking solution, then incubated with secondary antibodies.
Colocalization analysis
Single optical planes were obtained from the molecular layer of the cerebellum of three wild-type animals using a Nikon (Melville, New York, USA) C1Si confocal microscope (100 Â Apo TIRF lens, numerical aperture = 1.49). XY pixel size was 69.1 nm.
An iterative thresholding method was adapted to identify puncta [17] . Image thresholds were determined using the automatic threshold function in ImageJ. Using the Analyze Particle function, puncta of a restricted size range were identified at each of the threshold levels between 255 and the automatic threshold grayscale value. The puncta size range was restricted to between 0.095 mm 2 and 0.285 mm 2 for the following reasons: the lower value (0.095 mm 2 ) represents the area of a circle with the diameter of the average electron microscopy active zone length of adult mouse cerebellar parallel fiber-Purkinje cell synapses (0.348 ± 12 mm) [18] . The upper value (0.285 mm 2 ) represents the size below which 95% of signals for synaptic antigens will fall when imaged by light microscopy [19] . The regions of interest generated by this process were combined and a mask of the combined regions of interest was created, such that each puncta identified was represented by a particle on the mask.
The overlapping area between ELKS1b and VDCC b4 was analyzed by dividing the area of colocalized signals by the total area of ELKS1b signal. The number of colocalizing puncta was analyzed by counting the number of ELKS1b puncta that overlapped with at least 0.05 or 0.023 mm 2 of the VDCC b4 puncta and dividing that number by the total number of ELKS1b puncta.
Fluorescent intensity quantification
Epifluorescent images were obtained on a Nikon 80i microscope (Plan Apo 20 Â lens, numerical aperture = 0.75). Three pairs of wild-type and knockout littermates were evaluated, and similar areas were imaged for each pair. Four to five areas of the cerebellum were imaged, measured, and averaged for each animal. The mean fluorescent intensity of the molecular layer was measured in ImageJ using a box of fixed width (230 pixels) that extended from the pia to the tops of the Purkinje cells. The mean fluorescent intensity of the granule cell layer was measured using a box of 230 pixels squared. 
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Statistics
We used a paired t-test when comparing wild-type and Cacna1a -/animals because these animals were littermates and were prepared and analyzed in pairs. Data show mean ± SEM.
Results
We tested the binding of ELKS1b and VDCC b4 by performing coimmunoprecipitation with heterologously expressed protein lysates. Flag-ELKS1b protein coimmunoprecipitated with VDCC b4 (Fig. 1a) . To confirm the specificity of this interaction, we performed the coimmunoprecipitation in reverse, using an anti-Flag antibody against the Flag-ELKS1b protein. We detected coimmunoprecipitation of VDCC b4, at the same molecular weight as the input VDCC b4 band (Fig. 1b) . We did not observe coimmunoprecipitation in the control reactions when the bait protein was omitted ( Fig. 1a and b ; HEK). These data indicated that ELKS1b and VDCC b4 form a protein complex in vitro.
We next analyzed whether ELKS1 and VDCC b4 colocalize by performing immunohistochemistry on sagittal mouse cerebellar sections. Consistent with previous study [15, 20] , ELKS1b/2 and VDCC b4 antibodies both stained the molecular layer. The ELKS1b/2 antibody recognizes the shared C-terminus of ELKS1b and ELKS2. As ELKS1 is highly expressed in the cerebellum, whereas ELKS2 is below the western blot detection level [14] , the majority of signal observed here is likely to represent ELKS1b staining. While VDCC b4 staining was highly concentrated in the molecular layer, ELKS1b/2 staining was found at similar intensities in both the molecular layer and the granule cell layer (Fig. 3a, top  panels) .
We then acquired confocal images of the molecular layer to analyze colocalization. ELKS1b/2 and VDCC b4 staining revealed many small, closely packed puncta distributed throughout the molecular layer ( Fig. 2a-c) , which is consistent with the distribution of synapses between granule cells and Purkinje cells [21] . We created masks that demarcated the puncta for each antigen (Fig. 2d and e ). When the overlapping area was analyzed, 16.35 ± 1.06% of the ELKS1b/2 signal overlapped with the VDCC b4 signal. When the number of colocalizing puncta was analyzed, 25.06 ± 0.89% of the ELKS1b/2 puncta overlapped with VDCC b4 puncta by at least 0.05 mm 2 , and 45.48 ± 1.45% ELKS1b/2 puncta overlapped with VDCC b4 puncta by at least 0.023 mm 2 . These results revealed a moderate overlap between ELKS1b/2 and VDCC b4 in the molecular layer and suggested that ELKS1b/2 and VDCC b4 puncta are often found in close proximity to each other.
VDCC b4 is the preferred b subunit of VDCC a1A (Ca v 2.1) [22] , which forms the P/Q-type VDCC [2] . We hypothesized that the loss of VDCC a1A would perturb the localization of VDCC b4 to the molecular layer, as b subunits are dependent on a subunits for targeting the plasma membrane [23] . Therefore, performing immunohistochemistry for VDCC b4 and ELKS1b/2 on P/Q-type VDCC knockout mice (Cacna1a -/-) allowed us to probe the potential in-vivo interaction between VDCC b4 and ELKS1. We measured the fluorescence intensity for both VDCC b4 and ELKS1b/2 in the molecular layer and in the granule cell layer of Cacna1a -/and wild-type littermates.
The signal intensity of VDCC b4 decreased in the molecular layer of Cacna1a -/cerebella ( Fig. 3a and b ; wildtype: 12.38 ± 0.13 mean fluorescence intensity in arbitrary units (A.U.); Cacna1a -/-: 9.31 ± 0.39 A.U., P = 0.02).
In contrast, there was no significant difference in VDCC b4 in the granule cell layer (wild-type: 9.77 ± 0.44 A.U.; Cacna1a -/-: 8.96 ± 0.75 A.U., P = 0.23). Additionally, Purkinje cell bodies appeared to have increased VDCC b4 signal in the Cacna1a -/-. The reduction in VDCC b4 intensity in the molecular layer suggested that VDCC b4 localization is perturbed by the loss of the a1A subunit.
However, ELKS1b/2 mean fluorescent intensity was unchanged in both the molecular layer ( Fig. 3a and c ; wild-type: 11.79 ± 0.95 A.U.; Cacna1a -/-: 11.95 ± 0.82 A.U., P = 0.74) and the granule cell layer (wild-type: 8.08 ± 1.00 A.U.; Cacna1a -/-: 8.14 ± 0.55 A.U. P = 0.95) of Cacna1a -/cerebella (Fig. 3a) . These data suggest that ELKS1 is not dependent on VDCC b4 for trafficking into the molecular layer.
Discussion
In this study, we have investigated the possibility that VDCC b4 and ELKS1 connect the calcium channel and CAZ complexes in the cerebellum. We detected an interaction between VDCC b4 and ELKS1b by coimmunoprecipitation and observed moderate colocalization between these two proteins in the molecular layer of the cerebellum using fluorescent immunohistochemistry. These results suggest that VDCC b4 and ELKS1b interact in molecular layer synapses and represent a novel connection between calcium channel and CAZ complexes.
VDCC b4 and ELKS1 puncta tended to reside next to each other, as shown by the high percentage of puncta that overlapped by 0.023 or 0.05 mm 2 . However, the overlap of the total area between VDCC b4 and ELKS1b was moderate. One possible reason is that although ELKS1b has been described as an active zone protein, it may be less tightly associated to the CAZ than ELKS2 [13] .
In order to further probe the relationship between VDCC b4 and ELKS1, we performed immunohistochemistry for VDCC b4 and ELKS1b on cerebella of Cacna1a -/mice. We found a decrease in signal intensity of VDCC b4 in the molecular layer. This is the first report of an attenuation of VDCC b4 in Cacna1a -/mice. This defect could be due to reduced transport of VDCC b4 into the molecular layer, because VDCC b subunits are dependent on VDCC a subunits for plasma membrane targeting [23] . The reduction of VDCC b4 in the molecular layer in spite of the expression of other VDCC a subunits in the cerebellum [15, 16] suggests a specific interaction between VDCC a1A and b4 subunits that cannot be compensated for by other VDCC a subunits.
While VDCC b4 decreased in the molecular layer in Cacna1a -/mice, ELKS1b was unchanged, suggesting that ELKS1b does not rely on VDCC b4 for trafficking into the molecular layer. However, the interactions between ELKS1b and other CAZ proteins [20, 24] may stabilize ELKS1b in the absence of VDCC b4. Similarly, liprin-a, which interacts directly with ELKS2a [25] , does not decrease in the synaptosomal fraction in ELKS2a knockout mice [14] , showing that the loss of a single interaction partner was not sufficient to change the localization of liprin-a.
In conclusion, we have demonstrated an interaction between VDCC b4 and ELKS1b and moderate colocalization in the molecular layer of the cerebellum, suggesting a synaptic function for a VDCC b4-ELKS1b interaction such as linking VDCCs to the CAZ.
